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We propose to search for MACHOs by observing EAGLE (Extremely Amplified Gravi- 
f^,^, tational LEnsing) events of a majority of dim stars. This search is independent of the usual 

j^. one. For the detection limit of EAGLE (~ 20 mag), ~ 100 / x 10"'') (100 days/(t)) 

EAGLE events/y are expected to result from all the dim stars in LMC. Here r^^'~" and (t) 
are the optical depth and the average duration of microlensing events, respectively, while 
/ (0 < / < 1) is a parameter depending on the unknown stellar luminosity function. The 
observed mean duration of EAGLE events also depends on the luminosity function and is 
0.01 ~ 0.4 times the usual duration of microlensing events, which corresponds to 1 ~ 30 
days. The follow-up observation using larger telescopes may enable us to determine the 
^ , impact parameter and the true duration of the event. If / is determined by another inde- 

• pendent method, we can also determine r^^'~'. Even if / is undetermined, the detection of 
' EAGLE events strongly suggest that MACHOs are not due to variable source stars, since 
, EAGLE events are due to the dim main-sequence stars. Although for the SMC, the event 

1^ . rate is smaller by a factor of ~ 7, it is still a substantial number (~ 13 / (r^^'^/S x lO"'^) 

• (100 days/(i)) events/y). 
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§1. Introduction 



The analysis of the first 2.1 years of photometry of 8.5 million stars in the 
Large Magellanic Cloud (LMC) by the MACHO collaboration EP suggests that the 
; optical depth t^^^ is 2.9tli x 10"^ and the mass of MACHOs is O.StgjMQ in 

' the standard spherical flat rotation halo model. At present, however, we do not 

know where MACHOs are, what the fraction of MACHOs in the halo is, and what 
MACHOs are. The basic reason why we do not know the locations and the fraction 



' of MACHOs is that the spatial distribution function of MACHOs is not known 

^ spite of many arguments concerning the mass distribution of halo dark matter. "IliJ 

What we can say from the present observations is that the minimum total mass of 
MACHOs is 5.6 x 10^^ Mq x IQ-'^M) if the density distribution of MACHOs 

is spherical and a decreasing function of the galactcentric radius. This means that 
the fraction of MACHOs up to the LMC is at least 10 %. 

The estimated mass of MACHOs is just the mass of red dwarfs. However, the 
contribution of the halo red dwarfs to MACHO events should be small, since the 
observed density of the halo red dwarfs is too low-E^'ll^'EiP As for the white dwarf 
MACHOs, the mass fraction of white dwarfs in the halo is less than 10 %, since the 
existence of too many white dwarfs with bright progenitors are in conflict with the 
number counts of distant galaxies. ©'Ill^ At present we should consider the possibility 
that MACHOs may be black holes or boson stars, although their origin of existence 
is completely unknown. 
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In this situation the first urgent matter we must consider increasing the statistics 
of MACHO events along the LMC to confirm the optical depth, since the total mass of 
MACHOs becomes smaller than 5 x 10^^ Mq (i.e. ~ 10 % of the mass of the halo inside 
Jie LMC) only if the density distribution of MACHOs is unusual or r^^*^ <C 2 x 10"'^. 
13 An independent observation which can confirm the existence of MACHOs and 
determine the optical depth is also desirable, since MACHO candidates may be 
variable stars after the follow-up observation. In reality, the EROS 2 event proved 
to be a variable star. HIP 

Secondly, from the determination of the optical depth only toward the LMC, 
for a general non-symmetric density distribution of MACHOs, what we can say 
is that the minimum column density of MACHOs along the LMC (Z"^^^^^) is 
25M0pc-2r^^*^/2 x 10"^. If the clump of MACHOs exists only halfway between 
LMC and the sun, M^j^'^^o is ~ 1.5 x lO^M©. If this is the case, the optical depth 
in other directions should be quite different, and the inhomogeneity of the distri- 
bution of MACHOs could be checked. i3 Therefore to know the spatial distribution 
of MACHOs, observation in other directions, such as the Small Magellanic Cloud 
(SMC), is indispensable. 

In observations of MACHOs toward the LMC and the SMC, millions of bright 
stars with apparent magnitude smaller than ~ 21 are observed daily. However, 
there are plenty of stars dimmer than this magnitude limit (i.e. apparent magnitude 
larger than ~ 21). In this paper we propose to search for MACHOs by observing 
EAGLE events (Extremely Amplified Gravitational LEnsing events = microlensing 
event with an impact parameter u <C 1) of a majority of dim stars. This searchi 
is independent of the usual one. In §2 we show how to compute the rate and the 
duration of EAGLE events. In §3 we will show the results for the LMC and the 
SMC. §4 is devoted to discussion. 



§2. Event rate of EAGLE 

EAGLE events in generallil^ and for Bulge sources have been discussed. Here 
we discuss EAGLE events for the LMC and the SMC. The amplification factor A is 
given by 

■ "■^^ , (1) 

where and Be are the angular distance to the source and the angular size of the 
Einstein radius, respectively. For EAGLE events, A ~ 1/n is a good approximation. 
Now, for a given observation threshold of mobs (= 21 ~ 22 in the apparent magnitude 
for MACHO project), if the apparent magnitude (mo) of a star in the LMC (SMC) 
is larger than mobsj it is so dim that it cannot be identified as a star in the LMC 
(SMC). However if it is amplified by a MACHO with an impact parameter u smaller 
than Uobs(= 10~'''^('"°~™'°''=)), the image of the star can be identified as a star in the 
LMC (SMC) by CCD camera. In practice we can identify an EAGLE event as a 
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microlensing candidate when the hght curve is weh determined so that the detection 
threshold magnitude of the EAGLE event mth should be a little smaller than mobs- 
We assume in this paper that = "^-obs ~ Am, where Am (~ 1) is a constant. 
Then the threshold impact parameter is given by 

UT = io-0-4(™o (3) 

We refer to this as an EAGLE event in this paper for definiteness. EAGLE events 
will be detected just like new stars, and the observational technique is simple. Thus, 

ijnithe so-called pixel lensing method: monitoring 



this method is entirely different 
the pixels rather than the stars. 

The event rate of EAGLE for a source star is given byi 

r^^ur. (4) 

where r and (t) are the optical depth and the average duration (n < 1) of microlens- 
ing events, respectively. Note that F is proportional to the luminosity of the source 
star. With ni^mo) and my being the stellar luminosity function and the total ap- 
parent magnitude of the LMC (SMC), respectively, we have the total event rate (Ib) 
of EAGLE by all stars in the LMC (SMC) as 

rE= rnL{mo)dmo, (6) 



1.1 X 10-» / 10-»-<— (^) (-Jl^)"'events/yea..(7) 



-1 



13 / (t7^ ) events/year for SMC (my = 2.3), (9) 



^3 X 10-7^ VlOO days 

where / is the fraction of the luminosity by the stars below the observation threshold 
(mo > mobs) to the total luminosity of the LMC (SMC). We assume mth = 20. 

Since the surface brightness of the LMC and the SMC are not so large, even 
for the central part of these galaxies the surface brightnesses are B(nL= 21.17 mag 
arcsec^^ for the LMC and B(0) = 22.71 mag arcsec"^ for the SMC.E^) This means 
in ordinary fields mobs is ~ 21 mag. In reality the MACHO project monitors many 
stars of magnitude ~ 21 mag. Thus, the magnitudes for the EAGLE events can be 
detected similar to the usual MACHO events. 

Since there is no available luminosity function for the LMC and the SMC except 
for fairly brighter stars, we estimate / using the following two methods; 

Model 1: We use the luminosity function for our Galaxy to estimate /. 

Model 2: We assume a power law stellar initial mass function with the power 
index a and a constant star formation rate. 
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2.1. Model 1 

The luminosity function of Scaloil' can be approximated as 

log (t){V) = -V- 4.2 {V < 2) (10) 

= -V -3.25 {2<V < 10) (11) 
8 

= -2 (10 < V), (12) 
where V is the stellar absolute visual magnitude. Then, we have 

^ r^LoiV)HV)dV ' ^ > 

where fi is the distance modulus and Lq is the absolute luminosity of the star. The 
results are shown in Tables I to IV as G. 

2.2. Model 2 

We adopt the power law initial mass function as 

n(M) = CM-°, {Mi< M < M„) (14) 

where Mi and M„ are the lower and the upper mass limit of the stars, respectively. 
The mass-luminosity relation of the main sequence star is expressed byS 

7,-3, (16) 

where M is the mass of the star. The observation of the color distribution suggests 
that neither the LMC nor the SMC is likely experiencing a star-formation "burst" at 
e jjresent epoch, both galaxies have formed a bulk of thmr stars for the last 5 Gyr, 
P'H and the star formation rates are fairly constant. E3)'Ea) Thus, for simplicity, 
we assume that the star formation rates of these galaxies have been constant for the 
last 5 Gyr and was zero before 5 Gyr ago. Assuming that the lifetime of the sun is 
10 Gyr, we obtain the present day mass function as 

np{M) ~ CM-" (M < I.4M0), (17) 

/ M \ 

"^HmoJ (1.4M0<M). (18) 

Initial mass functions of niassive stars of the LMC and the SMC are not so different 
from that of the Galaxy, £3* and the^opes for OB associations are found to be 
essentially the same as Salpeter IMF.E2P However, for field stars, the slope is very 
steep as a ~ 5. Taking account of these data, we assume a single power law and use 
the two extreme values of a = 2.35 and 5 to know the range of / which is given by 

^ J^';^'^ M^np{M)dM 
J^}; MVn,{M)dM ' 



Extremely Amplified Gravitational Lensing 



5 



where Mobs is the mass of the star whose apparent magnitude is mobs- 

We next discuss the duration of an EAGLE event (tE)- In a microlensing event, 
the apparent luminosity as a function of time {l{t)) is expressed as 

m = , ""f' (20) 

/b^ + vlit-to)^ 



where RE,b,v± and to are the Einstein radius, the impact parameter, the transverse 
velocity and the time of the maximum luminosity, respectively, and lo = 10^^'^^ Lq. 
Prom the observational data, we can determine the values of to and ReIo/^- By 
a follow-up observation using large telescopes we may determine Zq so that -Re/6 
= "U^iji may be determined, is defined to be the duration for which the apparent 
magnitude (m) of the source star satisfies m < mobs- This quantity is given by 




I-- 


62 


^obs 




'^obs - 


"•mm' 



tE — tduT\l 7^2"' (^-'-) 

(22) 

^dur = , (23) 

v± 

where Zobs is the apparent luminosity corresponding to the observation threshold 
magnitude mobs and «obs = lO"^'^*^'"""'"'^) From the observed values of tE,mo and 
b/RE, we can determine the true duration of microlensing event tdur- The mean 
value of tEipio) for given ttr(mo) is derived as 

1 f^T I 

{tE{mo)) = tdnv / v/Wobs - K^indUmin, (24) 

ut Jo 

- 0.97tdur^^obs(mo), (25) 



where we assume Am = 1. The mean value of (t£;(mo)) for different mo is given by 

1 rrrith 

{tE{mo)) = {tE{mo))rnL{mo)dmo. (26) 

-t E Joo 



§3. Results 



We computed / and (t_E(mo)) for the LMC and the SMC using the Galactic 
stellar luminosity function (marked as G) as well as using the power law stellar 
model with r/ = 3, M„ = 50Mq, Mi = O.IM©, and the power index a = 2.35 and 5 
for two cases of the detection threshold as 

Case A) mobs = 21 mag, mth = 20 mag and Am = 1 mag. 

Case B) mobs = 19 mag, m^h = 18 mag and Am = 1 mag. 
As for |Lt and mriV), we adopt /x = 18.5 mag and mxiV) = 0.1 mag for the LMC 
and /X = 18.9 mag and mriV) = 2.3 mag for the SMC. 
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The results are shown in Tables I Table I. Case A for LMC 

to IV. Using these tables, we display 
the expected number of EAGLE events 
for all MACHO spherical halo in the 
standard flat rotation curve (r'^'^^ ~ 
5 X 10-7 and r^MC ^ ^ x IQ-^p 
with (t) = 70 days since all MACHO 
halo is still Dossible from the observa- 
tional data. 8 Then, for Case A, we 
have r^'^^ = 240 / events/year and 
j^SMC — J events/year, so that even 
for the smallest value of /, we expect 
J.LMC ^ 77 events/year and r|^^ = 13 
events/year. For case B, with the small- 
est value of /, we expect r]^^^ = 21 
events/year and J^J^^ = 3 events/year. 

Are there possible EAGLE events in 
already existing data? This is certainly 
possible. One example is LMC event 
12 of the MACHO project, which may 
be an EAGLE event. §) Thus it IS nec- 
essary to search EAGLE events system- 
atically and estimate the detection effi- 
ciency even using existing observational 

data. However, the duration of EAGLE events is usually short (1 day ~ 30 days) es- 
pecially for Case B, so that the usual observational mode (1 or 2 observation/night) 
is not adequate. In this sense the observational mode used by the MOA collaboration 
(Japan-NewZealand collaboration of Microlensing Observation for Astronomy, for 
example, seems to be suitable. There working on this project have been trying to 
observe microlensing events by planet MACHOs since May 1996 at Mt. John, so that 
they have been observing stars in the LMC and the SMC as frequently as possible. 
This year they are planning to observe 1.5 mi 
the winter and 6 times/night in the summer, 
the MACHO collaboration are not due to variable source stars but due to MACHOs, 
a substantial number of EAGLE events should be observed in the observation mode 
taken such as by the MOA collaboration. 



a / 


{tE{in))/tduT 


2.35 0.36 


0.28 


5.0 0.99 


0.02 


G 0.32 


0.41 


Table II. Case A for SMC 


/ 




2.35 0.40 


0.26 


5.0 0.99 


0.02 


G 0.41 


0.41 


Table III. Case B for LMC 


/ 


{tE{m))/tduT 


2.35 0.54 


0.18 


5.0 1.00 


5 X 10"^ 


G 0.72 


0.26 


Table IV. Case B for SMC 


a / 


{tE{iri))/tduT 


2.35 0.58 


0.16 


5.0 1.00 


4 X 10"^ 


G 0.77 


0.22 



3n stars in the LMC 12 times/night in 
' If 8 microlensing events reported by 



§4. Discussions 



In the actual observation of microlensing events, only a fraction of the LMC 
and/or the SMC are observed. The LMC and the SMC are too large to be monitored 
frequently since half light radii am estimated to be 3.03 it 0.05 degree (LMC) 
and 0.99 it 0.03 degree (SMC),E§ respectively. This means that the detection 
rate of EAGLE should be multiplied hy g = (luminosity of the observed area) / (the 
luminosity of LMC). Although for the LMC, g is small {g ~ 0.2), the event rate of 
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EAGLE is substantial (~ 20 events/year). For the SMC g can be large {g ~ 0.5) 
since the SMC is smaller than the LMC, so that the event rate of EAGLE is also 
substantial (~ 10 events/year). 

From the observational event rate of EAGLE, we know the quantity /r from Eqs. 
(8) and (9). To estimate / we used the stellar luminosity function of the Galaxy 
as marked G, and Salpeter IMF (a = 2.35) to obtain similar results. If the star 
formation history and/or stellar initial mass functions of the LMC and the SMC are 
different from those of the Galaxy, the luminosity functions should be different from 
the Galaxy. However, the initial mass functions of massive stars of these galaxies 
are fairlv similar to that of the Galaxy, El) and the current star formation is not very 
active, c2P so that the deviation of / from that of case G may not be large. This is a 
completely independent determination of r from the usual method. 

For EAGLE events we observe extremely amplified dim stars, which are mostly 
main sequence stars. Since the intrinsic variabilities of these stars are expected to 
be small, we can pick up microlensing events efficiently. Moreover, the EAGLE 
event rate toward the LMC estimated in this paper, ~ 20 events/year, may be 
much larger than the usual non-EAGLE MACHO event rate, ~ 4 events/year. If 
numerous EAGLE events must be observed toward the LMC 
so that the observation of EAGLE events will give us an independent method to 
confirm the existence of MACHOs. As for the SMC, the EAGLE event rate is also 
substantial, and the observation of EAGLE events toward the SMC may determine 
the optical depth toward the SMC, which is needed to know the spatial distribution 
of MACHOs. 
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